Neonicotinoids are a class of insecticides considered less toxic to humans than organophosphates, carbamates, organochloride and pyrethroids. The purpose of this chapter was to systematize existing data in the literature on acute intoxication with neonicotinoids to help practitioners. Clinical manifestations vary across different human systems.
Neonicotinoids are used in agriculture, horticulture and forestry to combat various pests. They are also used to combat fleas in domestic animals, as well as against household pests. After spraying, they act by direct contact with the insects, or by ingestion, when the insects pierce or consume the vegetative parts of plants [4] . Neonicotinoids are developed and continue to be launched on the market, often in the absence of direct human toxicity data. The human toxicity of these insecticides is often extrapolated from studies on animals, whose relevance is unclear. Therefore, more studies on acute intoxications with this class of insecticides are needed. The information resulting from these studies can contribute to the risk assessment and management of patients with neonicotinoid intoxications and support the decisions of the regulatory agencies for these substances [5] . The insecticidal activity of neonicotinoids results mainly from the agonist effect on the insects' postsynaptic nicotinic receptors for acetylcholine. They are attached to the nicotinic receptors of the postsynaptic membranes from both nerve and muscle cells and thus disrupt the transmission of the nervous influx into the central and peripheral nervous system. Additionally, this interaction with the nicotinic receptors determines their desensitization, leading to a loss of synaptic transmission of the nervous impulse [6, 7] . In recent years, some studies have suggested that neonicotinoids have a negative impact on bees near crops exposed to neonicotinoids. It is known that exposure to thiamethoxam may cause bees to be disoriented [8, 9] . In 2013, the European Food Safety Agency published a report confirming that neonicotinoids pose a risk to bees and pollinators. For this reason, under the precautionary principle, the European Commission has decided to temporarily suspend the use of three neonicotinoid substances (imidacloprid, clothianidin and thiamethoxam) for seed treatment in the agriculture of all EU member States [10] . However, in some countries, based on derogations from the ministry, they are still used.
In a large study conducted recently in three countries in Europe (the United Kingdom, Germany and Hungary), the results were contradictory: in the United Kingdom and Hungary, neonicotinoids had a negative impact on bees, while in Germany they did not seem to have affected their health status [11] . The findings of another recent Canadian study, conducted in Ontario and Quebec, are that neonicotinoids have negative effects on bees, including a 23% decrease in their life span [12] . It is therefore necessary to continue the studies on this subject in order to reach a clear and definitive scientific conclusion. Neonicotinoid insecticides are considered to have low toxicity in humans because they interact much less with nicotinic receptors in vertebrates than in insects and penetrate less the blood-brain barrier. Provided that they are less toxic in humans, neonicotinoid insecticides have become increasingly used throughout the world. However, the ingestion of large amounts of these insecticides has been associated with the occurrence of severe poisoning [13] .
Hence, this review was performed in order to clarify some aspects of the diagnosis and treatment of poisonings with neonicotinoids, useful for practitioners who face such cases and maybe helping improve management of these intoxications. The physicochemical properties, toxicokinetics, experimental data and mechanism of action of neonicotinoids, clinical symptoms, diagnosis, treatment and prognosis of acute intoxication with this relatively new class of insecticides are discussed below.
Physicochemical properties of neonicotinoids
Neonicotinoids are classified by the EPA as both Class II and Class III agents and are labeled with the signal word "Warning" or "Caution." Imidacloprid, the first neonicotinoid insecticide discovered in 1994 in Japan, is a structural analogue of nicotine derived from N-nitroguanidine and is the best sold worldwide. Currently, besides imidacloprid, the neonicotinoid family includes thiamethoxam, clothianidin, thiacloprid, acetamiprid, dinotefuran, nitenpyram, nitiazine, imidaclothiz, flonicamid, sulfoxaflor and cycloxaprid, the chemical structure of which is shown in Figure 1 [14] . Currently, neonicotinoids are homologated in agriculture in more than 120 countries, being sold under various commercial names [14] ( Table 1 ).
Toxicokinetics
Most human toxicity data available are about imidacloprid. Penetration through the skin (predominantly in the agricultural environment) of neonicotinoid insecticides is not quantified in humans. Intoxication through the respiratory tract is negligible given that these molecules are nonvolatile. However, there may be a secondary swallowing of the inhaled aerosol microparticles. The first prospective study conducted in Sri Lanka by Mohamed F. et al. on 68 patients (61 with voluntary ingestion and 7 with cutaneous exposure) showed that the mean plasma concentration of imidacloprid was 10.58 ng/l, IQR: 3.84-15.58 ng/l, range: 0.02-51.25 ng/l. In seven patients, the plasma concentration remained elevated for 10-15 h postingestion, suggesting that absorption and/or elimination may be prolonged at high doses. The time-concentration profiles have demonstrated a rapid initial absorption [5] . The plasma peak is reached within 2 h. There is no preferential distribution in fat-rich tissues [15] . In insects, mammals and plants, neonicotinoids undergo phase I and phase II biotransformation (Figure 2) .
In vitro studies on the metabolism of neonicotinoids have indicated the importance of cytochrome P450s (CYP) in their oxidation and reduction. Through a variety of human CYP isoenzymes, imidacloprid is oxidized to 5-hydroxyimidacloprid and imidacloprid olefin and reduced to nitrosoguanidine, aminoguanidine and urea imidacloprid. The most active CYP isoenzyme for oxidation of the imidacloprid residue is CYP 3A4 (CYP most abundant in humans), followed by CYP 2C19, 2A6 and 2C9. For nitroreduction, the most active CYP are: CYP 1A2, 2B6, 2D6 and 2E1 [16, 17] . Thiamethoxam is converted to clothianidin, which is more active than the parent molecule, mostly by CYP 3A4 and to a lesser extent by CYP 2C19 and 2B6, and is demethylated by 2C19. Clothianidin is demethylated by CYP 3A4, 2C19 and 2A6 [18] . There is no accumulation of neonicotinoids in the body: over 90% are eliminated in less than 24 h and totally in 48 h [15, 19] .
Experimental data and mechanisms of action
Neonicotinoids are neither irritating to eyes and skin (rabbit) nor sensitizing (guinea pigs) [15] . Their acute toxicity to mammals is variable depending on the type of neonicotinoid. The amount of toxic product that kills 50% of the experimental animals, called the lethal dose (LD 50), is illustrated in Table 2 for the main neonicotinoids.
With an LD 50 of 425-475 mg/kg administered orally in rats, the toxicity of imidacloprid is mild to moderate. A single 42 mg/kg dose has no effect. After 2-6 h, poisoned animals present with apathy, trembling with ataxia, hypothermia and respiratory arrest [19, 20] .
Neonicotinoids have been designed to be effective as insecticides by contact or ingestion [21] . In both insects and humans, neonicotinoids behave as postsynaptic acetylcholine receptor agonists, which are neurotransmitters of the central nervous system, the parasympathetic nervous system and some of the sympathetic system. Their irreversible linkages with these receptors initially stimulate, then rapidly block the Na + /K + channels and inhibit the transmission of the nervous influx. Their high insect toxicity is explained by the predominance of nicotinic receptors in the central nervous system of these species, by Thiamethoxam Absent >5000 >2000 Table 2 . Neonicotinoid pesticides mammalian toxicities (mg/kg of body weight) [7] .
Acute Poisoning with Neonicotinoid Insecticide http://dx.doi.org/10.5772/intechopen.72004 the absence of the blood-brain barrier and by their affinity for some insect-specific receptor subtypes, in particular α4β2 [19] . In mammals, the predominant receptor subtype is α4p2, which is found to have the highest density in the thalamus. In the developing brain, this subtype is involved in proliferation, apoptosis, migration, differentiation, synapse formation and neuronal circuits [22] . Given that in mammals nicotinic receptors have a wider distribution (neuromuscular junction), the neonicotinoid affinity for these receptors is lower and the central action is reduced because of poor intracerebral penetration [17] . The toxicity of imidacloprid is very low in dermal exposure and is moderate in case of ingestion. In case of inhalation, the toxicity is variable: as dust it is considered to be slightly toxic, but as aerosols it is very toxic [23] .
Epidemiology of acute poisoning with neonicotinoids in humans
Despite the widespread use of neonicotinoids, there are few reports in the literature on human toxicity. The first case report was made in 2001 by Wu IW et al. Clinical manifestation included drowsiness, disorientation, dizziness, oral and gastroesophageal erosions, hemorrhagic gastritis, productive cough, fever, leukocytosis and hyperglycemia. The patient recovered without complications with supportive treatment and was discharged 4 days after ingestion [24] . Most cases were reported in USA (Texas), France, China and Sri Lanka [25, 26, 13] . The epidemiological aspects resulting from these studies are summarized in Table 3 . The prevalence of voluntary intoxication was different from one study to another: only 2% in the study in Texas and 4.9% in the study in France, as opposed to the studies in China and Sri Lanka, where 81% and 82%, respectively, were classified as an attempt of suicide [25, 26, 13] .
There are also differences in childhood poisoning frequency: in the study conducted in Texas, 37% were patients under the age of 19, and in France 36.6% were children under the age of 14, whereas the study in China recorded only two children with accidental poisoning. The study in Sri Lanka does not specify the age of the patients.
Regarding the manner of intoxication, in the US study only 51% of poisoning occurred through ingestion, compared to 91% (61/68 cases) in Sri Lanka and 81% (57/70) in China.
In addition to these studies, several sporadic cases have been reported. Thus, eight cases were reported in India [27] [28] [29] [30] [31] [32] [33] , two in Turkey [34, 35] , two in Portugal [36] , two in Colombia [37] , two in Japan [38] , one case in Saudi Arabia [39] , Iran [40] , Poland [41] and four cases in Taiwan [41] [42] [43] [44] [45] .
Clinical symptoms of poisoning by neonicotinoids
Symptoms of neonicotinoid poisoning appear to be less severe in humans than in insects, because their affinity for human nicotinic receptors is lower and they do not cross the bloodbrain barrier. Clinical picture is better known for intoxication with imidacloprid, which is the oldest neonicotinoid used as an insecticide. A large study conducted in Texas between 2000 and 2012 on 1142 patients with neonicotinoid exposure found that the main symptoms are: eye irritation and dermatitis, nausea, vomiting, corrosive oral mucosal lesions, dizziness, hypertension and tachycardia [25] . The French Toxicity Co-ordination Committee analyzed 428 cases of exposure to imidacloprid between 1999 and 2012, of which over 27% were children under 5 years of age. As a result of this study, the symptomatology was better outlined according to the severity of the intoxication (mild, moderate or severe), as illustrated in Table 4 [26] .
There was reported a case with concomitant intoxication with imidacloprid and alcohol ingestion, resulting in multiple organ failure [45] . Another case was reported by Agarwal and Srinivas, manifesting severe neuropsychiatric disorders and rhabdomyolysis [31] . In Colombia, Estrada et al. signaled two cases admitted with digestive manifestations, coma (Glasgow score 6 and 3, respectively) and respiratory failure with 70-75% Sa O 2 . One of the patients also presented dormant miosis and was thus given atropine [37] . In Saudi Arabia, there was a case with generalized erythematous maculopapular rash typical of leukoclastic vasculitis, which was confirmed by biopsy. It also associated hepatic and renal dysfunction, requiring dialysis [40] . Another case reported in Taiwan presented fatal ventricular fibrillation [45] .
The main symptoms of acetamiprid poisoning are severe nausea, vomiting, muscle weakness, hypothermia and convulsions [46] . Clinical manifestations include tachycardia, hypotension, electrocardiogram changes, hypoxia and thirst in the case of the highest serum concentration of acetamiprid. The symptoms were partly similar to acute organophosphate intoxication [30] . In one case, ventricular fibrillation that lasted 11 h after ingestion was described [45] . Similar to imidacloprid poisonings, there was reported a case of severe multiple organic dysfunction [43] . Another case of acetamiprid intoxication was by suicidal ingestion, where symptoms included prolonged muscle weakness, similar to the intermediate syndrome in organophosphorus intoxication. The case resolved in about 3 weeks [35] .
Symptoms of thiamethoxam intoxication are less known, and cases are rarely reported. Vinod et al. noted a case manifesting nausea, vomiting, agitation and multiple episodes of generalized tonic-clonic seizures within the first 2 h of ingestion of thiamethoxam. Subsequently, coma, hypotension, renal failure, metabolic acidosis and rhabdomyolysis occurred, with fatal outcome 36 h after ingestion [29] .
Solvents used in neonicotinoid insecticide solutions can also play an important part in poisoning symptoms. Although not all solvents contained by neonicotinoid insecticides are known, most of them use N-methylpyrrolidone. Ingestion of a large amount of this substance irritates the upper gastrointestinal tract and causes oral ulceration, nausea, vomiting, dysphagia, odynophagia and abdominal pain [24] .
Diagnosis of poisoning incidents
The diagnosis is based on anamnesis and clinical symptoms. There are no specific abnormalities of acute poisoning with neonicotinoids [5] . There may be metabolic disturbances ( Table 5 ). Dosage of neonicotinoids is not routinely available, its interest being purely medicolegal. Depending on the symptomatology of each case, additional investigations may be necessary.
Depending on the intensity and duration of cardiovascular, respiratory and digestive symptoms, three degrees of severity can be distinguished ( Differential diagnosis should take into account intoxications with other pesticides. This poisonings can mimic light forms of organophosphorus or carbamates intoxications. Also, many cases reported involved combinations of multiple pesticides and ethanol [5, 13] .
Management of poisoning incidents
Management of acute neonicotinoid insecticide poisoning is mainly symptomatic and supportive. Dermal and mucosal exposures should be decontaminated as soon as possible [13] .
In case of coma and respiratory distress, intubation and assisted ventilation associated with hemodynamic support are required. The presence of solvents in liquid neonicotinoid formulas makes the activated charcoal and gastric lavage or vomiting ineffective, due to the risk of inhalation pneumonia [13] . Gastric lavage and activated charcoal should be avoided if corrosive injuries of the oral and gastrointestinal mucosa are found. Activated charcoal may hinder endoscopic evaluation of patients with corrosive lesions [13] . Prudent aspiration of the gastric contents can be considered, with respiratory protection, and if the ingested volume is high (over 100 ml), the ingestion period is short (less than 1 h) [13, 15] . The respiratory effects of neonicotinoids should be carefully monitored, particularly hypoventilation and respiratory failure. Patients with upper airway injuries such as hoarseness and stridor caused by irritant and corrosive effects of the solvent should probably undergo endoscopic assessment of vocal cordons [13] . Table 6 . Degrees of severity according to intensity and duration of cardiovascular, respiratory and digestive symptoms [26] .
Sometimes, organophosphorus intoxication may also be associated. In this case, acute poisoning may be manifested by miosis, bradycardia, hypersalivation and bronchorrhea. Because of these symptoms, atropine and oximes may be improperly used as an antidote. It is unknown whether these drugs are effective or may worsen the outcome of neonicotoid insecticide poisonings. In cases with life-threatening muscarinic manifestations (e.g., bronchorrhea with airway compromise), the use of atropine may be justified in neonicotinoid-poisoned patients [13, 44] . Oximes (e.g., pralidoxime) are usually either ineffective or contraindicated. In the absence of organophosphorus pesticides, oximes have a weak inhibitory effect on acetylcholinesterase activity and therefore may increase nicotinic effects (tachycardia, hypertension and muscle weakness) [5] . Because the severity of poisoning is not proportional to the plasma concentration of neonicotinoids, hemofiltration is ineffective in increasing their elimination [13, 43] .
Prognosis and comparative mortality rates
The numbers of neonicotinoid poisonings have increased in the last decade, given that neonicotinoid insecticide is highly used. Respiratory, cardiovascular and certain neurological presentations (dyspnea/apnea, coma, tachycardia, hypotension, mydriasis and bradycardia) are symptoms of severe neonicotinoid intoxication [43] . Biochemical abnormalities and rhabdomyolysis have been reported as potentially serious complications that might lead to mortality [5] .
Mortality through imidacloprid poisoning ranges from 0% to 4.2% in various studies. In a study in Taiwan, neonicotinoid poisoning mortality was 2.9%, inferior to that with organophosphates (12.3%) or carbamates (7.3%), but close to that with synthetic pyrethroids (3.1%) [47] . In the study in France conducted on 428 patients with acute neonicotinoid poisoning, six deaths were recorded [26] . Another study in Korea on 24 cases shows a mortality rate of 4.2% [48] . In addition to these studies on larger cohorts of patients, sporadic cases of acute neonicotinoid poisoning deaths are also reported in the literature ( Table 7) .
Concluding remarks
Neonicotinoids act quite selectively on insects, but they are not free of human toxicity. Several cases of acute intoxication with such insecticides, sometimes severe, resulting in death, have been reported in the literature. The above review has highlighted the consequences of poisoning with these newer pesticides, not very well known at the moment. Therefore such information is valuable for clinicians, regulatory authorities and the public at large. Given the fact that these insecticides are increasingly being used in agriculture, horticulture and fish farming, but also for combating domestic pests, more studies on the human health effects of neonicotinoids exposure are needed and maybe some awareness programs about its toxicity should be implemented.
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